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Chapter One

Introduction:

Heterogeneous oxidation of atmospheric organic

aerosols



Chapter 1. Introduction

1.1 Atmospheric organic aerosols

Atmospheric aerosols are defined as suspended fine solid or liquid particles in air, with a wide
range of particle size (Inm to 10 pum in diameter). ** The primary organic aerosols (POA) are
directly emitted into the atmosphere from multiple sources: (1) natural source includes biomass
burning, sea salt, volcanic eruptions, mineral dust; (2) anthropogenic source includes incomplete
fossil fuel combustion, industrial and vehicle pollution. The secondary organic aerosols (SOAS)
are the volatile organic compounds in the gas phase react with gas-phase oxidants such as OH, O3,
NOs radicals through homogeneous nucleation to form new particles, or condense to the existing

particles reacting with gas-phase oxidants to form more highly oxygenated organic aerosols. > °

The presence of atmospheric aerosols could impact human being life. For example,
atmospheric aerosols have ability to reduce visibility and impact climate directly by scattering and
absorbing solar radiation. Atmospheric aerosols could also indirectly influence global climate by
serving as cloud condensation nuclei (CCN) or ice nuclei (IN) to form cloud more readily. ’
Atmospheric aerosols have been shown to cause adverse health effects, the smallest particles can

be inhaled deeply into the respiratory system and cause lung disease. 2
1.1.1 Chemical components of atmospheric aerosol particles

The chemical components of atmospheric aerosol particles are generally divided into inorganic
and organic subsets. Almost half of the atmospheric aerosol particles are organics. The inorganic
salts include sulfate (32%), ammonium (13%), nitrate (11%), and chloride (1%). Carbonaceous
matter includes 11% of hydrocarbon organic matter (i.e. aliphatics, polyaromatic hydrocarbons,
unsaturated hydrocarbons) which are water insoluble, and 32% of oxygenated organic matter (i.e.
alcohols, esters, carbonyls) which are water soluble. 8% A variety of configurations are shown

schematically in Figure 1.1.
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Figure 1. 1 Configurations of the average chemical composition of atmospheric aerosol particles. Specific molecule
examples of hydrocarbon organic aerosol (HOA) particles and oxygenated organic aerosol (OOA) particles are

identified in aerosol particles sampled in Berkeley, CA. 8-10
1.1.2 Physical phase state of atmospheric aerosol particles

Atmospheric aerosol particles can be found in liquid phase state, semi-solid phase state, solid phase
state or a mixture of both solid and liquid phase state. The particle phase is characterized according
to its viscosity, #. Liquid state is like water (10 Pa s), olive oil (=10 Pa s) and honey (~10! Pa
s). Semisolid state is like peanut butter (~10° Pa s) and tar pitch (108 Pa s). Solid state is like glass
marbles (>10? Pas). 1* For viscous materials, the particle viscosity # and bulk molecule diffusion

D can be related through the Stokes-Einstein equation:

kgT
D= X8 1)
6mrn

where kj is the Boltzmann constant (1.38 x 1022 J K1), T is the temperature (K), 7 is the radius
of the diffusing molecule, and 5 is the dynamic viscosity (Pa s). Figure 1.2 is a viscosity scale

together with familiar substances having a corresponding viscosity at room temperature.
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Figure 1. 2 Images of various substances as well as their approximate viscosity and diffusion coefficients at room
temperature. The substances are classified into solid, semi-solid and liquid states based on their viscosity. The
diffusion coefficients are calculated using Stokes-Einstein relationship equation. 1 All the substance images are from

http://www.google.com.image.

The S-E equation is able to predict the diffusion coefficient for large molecule species,
such as sucrose (C12H22011) in aqueous sucrose up to a viscosity of 0.1 Pa s. '2 But it has been
shown to under-predict the diffusion coefficient for water molecules moving through viscous
media matrix of large molecules. Such discrepancy is likely to be due to the propensity of water

molecules to percolate through the network formed by the hydrogen-bonded molecules. 3 14

The viscosity of atmospheric particles is dependent on their chemical composition and
ambient conditions. > 1® The controlling approach to gas-particle equilibrium are generally
governed by three processes: gas-phase diffusion, interfacial transport and particle phase diffusion.
For semi-solid atmospheric organic aerosols in the size range of 50 to 500 nm, the time scale to
establish equilibrium between the surrounding gas phase and the particle bulk is limited by the
particle-phase diffusion. The equilibrium partitioning time scale z., in this case is:

R @)
eq — 7T2Db

where R,, is the particle radius, Dj, is molecular diffusion coefficient of the condensing species in

the particle. 1/
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1.2 Heterogeneous chemistry of atmospheric organic aerosol particles

1.2.1 General mechanism of heterogeneous oxidation of organic particles process

Figure 1.3 displays the generalized illustration of the processes during the heterogeneous oxidation
of organic aerosol particles. The heterogeneous chemistry of aerosol particles involves several
separate processes: (1) gas-phase diffusion: a gas molecule diffuses from the gas phase to the
surface of the particle; (2) mass accommodation: the gas molecule strikes a given particle surface
via collision, stick to the surface or bounce back to the gas phase; (3) surface chemical reaction:
the gas-phase species react with surface-bounded particle molecules; (4) dissolution and bulk
diffusion: the gas-phase species can either desorb back to the gas phase or dissolve in the bulk
phase which depends on their solubility, the dissolved gas phase species then diffuse into the bulk
phase; (5) bulk chemical reaction: the gas-phase molecule species react with bulk-phase molecule

species. 1819

(3)
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Mass
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Figure 1. 3 Generalized illustration of the processes involved in the heterogeneous oxidation of an organic aerosol

particle. 18,19

1.2.2 OH radicals uptake on a saturated hydrocarbon particle

The radical-initiated oxidation reactions of saturated hydrocarbon organic aerosol particles have
long been studied. 2% 2! The generalized illustration of processes that govern the kinetics of
heterogeneous oxidation of organic aerosols by OH radicals are as following. First, OH radicals

must diffuse from the gas phase to the surface of the particle, where the OH radicals adsorb onto



the surface site of the particle component. At the surface of the particle, the OH radicals ether
desorb back into the gas phase or react with surface-bound molecules by abstracting a Hydrogen
atom from an organic function group RH, leading to the formation of water and alkyl free radical.
The water molecules quickly evaporate from the particle phase to the gas phase. In the presence
of O, the alkyl radical quickly react with O2 to form a peroxy (RO.) radical. The peroxy (RO>)
radicals’ self-reaction lead to the formation of a ketone and an alcohol which stay in the bulk, or
two alkoxy (RO) radicals which could further chain propagation and form volatile oxygenated
organics. A general reaction mechanism for the OH oxidation of saturated hydrocarbon molecules

is shown in the Figure 1.4.
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Figure 1. 4 A general chemical reaction mechanism for the OH oxidation of saturated hydrocarbon molecules. &
20,21

1.2.3 The reactive uptake coefficient (y) of heterogeneous chemical reactions

A heterogeneous reaction is initiated by diffusion of a gas-phase reactant to the surface of a
particle, followed by a collision leading to a reaction at the interface. It depends on many factors
including solubility of gas-phase oxidant, reactivity of reactive species, bulk diffusion in the
condensed phase, surface activity (surface tension, pH, etc.). ** There are generally two
mechanisms describing the reactive uptake at interface of particle. They are the Eley-Rideal
reaction mechanism (one-step reaction) and the Langmuir-Hinshelwood reaction mechanism (two-

step reaction). In the E-R, the gas-phase reactants do not adsorb onto the surface of the particle



before reacting with reactive species in the condensed phase. In the L-H, the gas-phase reactants
need to adsorb onto the surface first, then followed by a reaction with a bulk molecule. % The

diagrams of E-R and L-H are displayed in the Figure 1.5.

Langmuir-Hinshelwood mechanism
? ? ¢
(a) (b) (c) (d)

Eley-Rideal mechanism

©

o@ /
O I

Figure 1. 5 (1) Diagram of the Langmuir-Hinshelwood (L-H) reaction G (gas-phase reactants) + B (bulk molecule)

— P (products). The G need to adsorb on the surface (a) before reacting to form P (b), which may remain on the surface
(c) or desorb (d). (2) Diagram of the Eley-Rideal (E-R) reaction, the G does not adsorb onto the surface prior to

reaction (a, b). The P may remain on the surface (c) or desorb (d). %

The overall chemistry of heterogeneous reaction processes involves several elemental steps
(summarized in the Figure 1.3). The relative influence of each step can be related to a net uptake

coefficient (y) as a resistance model:

Iy

N 3)

RIr

1
[;‘xn + rsol

|+

Where I} is the gas-phase diffusion, o is the mass accommodation, I.,,, accounts for the reaction

term and I},,; accounts for the solubility (dissolution). 23

The vy reflects a combination of all the elementary steps involved in the heterogeneous
chemistry reaction. It is the ratio of gas-particle collisions that leads to chemical reactions occur.

24,25 1t is determined in the following equation:

_ 2korgdppolNa 4)
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where ko, 4 is the observed apparent decay rate constant of the particle species (the second order
of heterogeneous reaction rate coefficient). py, M, and N, are the density of particle, the molecular
weight of particle species and the Avogadro’s number. d,, is the mean surface-weighted particle

diameter and c is the mean speed of gas-phase reactant. If the value of'y is larger than 1, it indicates
that one gas-particle collision yields more than one particle-phase reactant molecule reacted loss,

and there is a secondary chain reaction occurring in the particle phase. 24 2°
1.3 Laboratory techniques for measuring kinetics of heterogeneous reactions

The Kinetics for heterogeneous reactions between gas-phase oxidant and the organic aerosol can
be determined from the decay of gas-phase reactants or bulk-phase reactants. However, the gas-
phase reactants loss could be due to gas phase reactions, loss on reactor walls etc. It is challenging
to quantitatively analyze every single loss process described above. Therefore, it is relatively more
convenient to measure the kinetics of heterogeneous reactions using the decay loss of reactants in
the condensed phase and the equation describing the loss of organic particle species is as following:

24

d
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where ko4 is the second order rate coefficient of heterogeneous reaction between the gas-phase
oxidant and the organic aerosol. [X,] and [org] are the concentration of gas-phase oxidant and
bulk-phase reactant, respectively.

There are generally two parts involved to measure the kinetics of heterogeneous reactions:
(1) a flow reactor or a chamber that allows aerosol particles to be exposed to gas-phase reactants
under a controlled condition; (2) then an analytical method applied to measure changes in particle-
phase composition or gas-phase reactant. ¥ The following is a brief summary of both online and

offline techniques used to measure rates of heterogeneous reactions.
1.3.1 Offline kinetics measurement method

So far there are only few studies of heterogeneous reaction kinetics measured by offline
techniques. Offline kinetics measurement is typically achieved through chemical analysis of

aerosol particles sample collected onto particle filters then extracted by sample extraction and



analyzed by gas chromatography-mass spectrometer (GC-MS) and high-performance liquid
chromatography (HPLC). 2627

Mendez et al. % investigated the reactivity of chlorine radical with submicron palmitic acid
(PA) in a flow tube using an offline kinetic method. The kinetic has been determined from the
analysis of the loss of PA in the reacted particles measured by GC-MS as a function of the chlorine

27 measured the kinetics of surface-bound anthracene onto

exposure. Kwamena et al.
phenysiloxane and azelaic acid aerosols with gas-phase ozone using offline analysis of anthracene

loss by HPLC with ultraviolet detector.

The disadvantages of offline kinetics measurement are: (1) possible positive and negative
sampling artifacts due to volatile gas compound adsorbed onto the collection filter and release of
particulate-phase organics from the sample during the filter sampling; ?® (2) gas phase reactants
may react with aerosol particles sample trapped onto the filter; (3) depending on the detection
technique, it may require long time of sample collection; (4) sample loss during the sample

preservation and sample extraction process.
1.3.2 Online kinetics measurement method

Analytical techniques such as IR, Raman and X-ray spectroscopy have limits in their applicability
to resolve different chemical species. For a general purpose of detection technique, mass
spectrometry is the most common technique allowed for real-time analysis of the chemical
composition of organic aerosol particles. Aerosol mass spectrometry (AMS) is a powerful analysis
tool applied in online heterogeneous reaction kinetics measurement with high resolution and high
sensitivity. Aerosol mass spectrometer technique first vaporize aerosol sample either by thermal
vaporization with hot copper tip or laser ionization. And then the vaporized particle-phase species
are ionized by either a softer ionization source (e.g., vacuum ultraviolet (VUV) photoionization,
24,29 glectrospray ionization (ESI), ° proton-transfer reaction (PTR), 3! Direct Analysis in Real
Time (DART) ion source %) or a hard ionization source (e.g., laser, * Electron impact (EI) ion
source 2%). The resulted ions with different mass-to-charge ratios are spatially separated through a

time-of-flight tube or a quadrupole prior to detection.



1.4 Laboratory study on heterogeneous oxidation of semi-solid organic

particles

1.4.1 Evidence that bulk diffusion is the rate-determining step in the heterogeneous

oxidation of semi-solid organic particles

A flow tube study on the OH-initiated oxidation of squalane (Cs3oH¢2) particles (well mixed
particles) shows that decay behavior of particle species is in an exponential shape over the entire
reaction. Figure 1.6 shows the decay of squalane as a function of OH exposure. The observed
squalene decay behavior agrees well with an exponential fit. 2 Several other recent flow tube
studies on small gas-phase oxidant species (OH, Oz, NO3) reacting with semi-solid organic
particles share a common kinetic behavior, which is an initial fast decay of particle-phase reactant
followed by a slower decay. 3! 338 Figure 1.7 displays a typical example of observed kinetic
behavior in the OH oxidation of semi-solid levoglucosan particles. There is an apparent offset
between the exponential fit and experimental data. The relative abundance of levoglucosan
remaining in the semi-solid particles does not decay to zero due to the unreacted levogluosan in
the core of the particles (with a slow mass transfer rate). 3 The discrepancy of the observed kinetics
behavior between the semi-solid particles and well mixed particles is associated with the particle
viscosity. For semi-solid particles, the decay of the particle-phase reactant is severely slowed or
quenched due to the slow bulk diffusion. For well-mixed particles, the bulk diffusion is fast enough
to allow the bulk molecule reactant in the core of the particle to diffuse to the particle surface to
react with OH radicals. Here the kinetics are governed by surface reaction rate rather than bulk

diffusion rate.

10
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Figure 1. 6 The decay of squalane (black open circles) as a function of OH exposure is obtained for mass fragments
at m/z=238, 422, and 113.13 by averaging the ion signal at three different masses. The decay is fit to exponential

equation (red solid line) in order to determine the rate constant for the reaction of squalane with OH (Ksq), which is

1.32x102 cm3 st 24
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Figure 1. 7 Relative signal of unreacted levglucosan left in the particle phase as a function of OH exposure obtained

for selected ions CsHsO4" (black open circles). The red line is obtained by fitting the experimental data up to first e-

fold of the decay. The obtained Kiey is 3.09%1023 cm? g%, %8
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5.1.2 Particle size characterization

Figure 5.3 displays the surface-weighted particle size distribution for aqueous saccharide droplets.
The particle sizer scan of aqueous saccharide droplets is from unreacted sample obtained in the
MGP-lactose aqueous droplets (red dashed line) measurement and in the lactose aqueous droplets
(black dashed line) measurement. The average of particle surface-weighted diameter is about 360

nm.

Figure 5. 3 Surface-weighted particle size distribution for unreacted saccharides containing aqueous droplets. Pure
lactose droplets (black dashed line): the mean surface-weighted diameter is 361.8 nm, and the total concentration of
number particle size is 2.32x10°#/cm?®. Equimolar MGP-lactose aqueous droplets (red dashed line): the mean surface-

weighted diameter is 365.4 nm, and the total concentration of number particle size is 2.46x10° #/cmq,

5.1.2.1 Evolution of MGP-lactose aqueous droplets characterization

Figure 5.4 displays relative surface weighted diameter (red solid circles) and relative single particle
mass fraction (relative ratio of total mass/total number concentration, black solid circles)
remaining as a function of OH exposure obtained in the MGP-lactose aqueous droplets
measurement. These data are measured by Scanning Mobility Particle Sizer (SMPS) measurement.
The error bars are two standard deviation about four times particle size data measurements. There

is no significant decrease on surface-weighted mean diameter as function of OH exposure. There
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is a slight increase within 20% on relative single particle mass fraction up to OH exposure of

2x10' ¢cm s then decrease to be a ratio value of 1.0.
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Figure 5. 4 Relative surface weighted diameter (red solid circles) and relative single particle mass fraction remaining
(black solid circles) as a function of OH exposure obtained in the MGP-lactose aqueous droplets measurement. The

error bar is 2c about mean value.

5.1.2.2 Evolution of lactose aqueous droplets characterization

Figure 5.5 displays relative surface weighted diameter (red solid circles) and relative single particle
mass fraction (relative ratio of total mass/total number concentration, black solid circles)
remaining as a function of OH exposure obtained in the lactose aqueous droplets measurement.
These data are measured by Scanning Mobility Particle Sizer (SMPS) measurement. The error bars
are two standard deviation about four time particle size data measurement. There is no significant
changes on surface-weighted mean diameter and relative single particle mass fraction as function

of OH exposure.
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Figure 5. 5 Relative surface weighted diameter (red solid circles) and relative single particle mass fraction remaining
(black solid circles) as a function of OH exposure obtained in the lactose aqueous droplets measurement. The error

bar is 20 about mean value.

5.1.3 Products identification
5.1.3.1 OH oxidation of MGP-lactose aqueous droplets study

The first-generation product of oxidation lactose with OH, glucose is detected in the condensed
phase by GC-MS. Figure 5.6 shows the normalized glucose signal (blue solid triangles) as a
function of OH exposure obtained in the MGP-lactose aqueous droplets kinetics measurement.
The normalized signal S for glucose is fit to the following double exponential equation as a

function of OH exposure < OH >;.t:

k 1
S (< OH >,.t) = (k _1k ) _(e_k1-<0H>t-t _ e—k2.<0H>t.t) 1)
2 1

The kinetics rate k; and k, are second-order rate constants for the rise and decay of glucose. The
formation rate coefficient ki is set to that of the MGP decay observed in Figure 5.1. The fit to the

data returns a rate coefficient kz of 9.37(+3.30) x10*® cm® s for the glucose oxidation.
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Figure 5. 6 Normalized yields of the detected glucose in the MGP-lactose aqueous droplets as a function of OH
exposure. The blue line is fitting all the experimental data points with a double exponential function. kj is set as 4.67
x1012 cm® s, which is rate constant for the reaction of MGP with OH in the MGP-lactose aqueous droplets. k» is

9.37x10 cm®s in order to best fit the observed trend.
5.1.3.2 OH oxidation of lactose aqueous droplets study

Figure 5.7 shows the normalized glucose signal (blue solid triangles) exhibits a double exponential
behavior with the shape (kk—lk) (eTF1<OH>ct _ o=ka.<OH>tt) ag 3 function of OH exposure as
27 R

shown in Eg. (1). The glucose signals are observed during the oxidation of lactose aqueous
aerosols. The rate constant for the rise of glucose, k, is set to be the observed disappearance rate
constant for lactose in the lactose aqueous droplets, 9.58x10? cm®s™. The rate constant for the
decay of glucose, the return k, is 1.30 (+0.54) x10*? cm®s™ in order to fit the observed behavior.
The summary of fitted k, and k., for the evolution of normalized glucose signals identified in both

ternary aqueous-MGP-lactose droplets and binary aqueous-lactose droplets is in Table 5.2.
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Table 5. 2 The fitted kinetic parameters for the evolution of normalized glucose signals identified

in both the MGP-lactose aqueous droplets and the lactose aqueous droplets.

Molar ratio Formation rate Loss rate
(MGP:lactose) constant for glucose constant for glucose
ki+2o ky+20
(cm®molecule? s 1) (cm3®molecule? s 1)
0:1 9.58+2.01 x10'* 9.37+3.30 x10¥ cm®s?
11 4.67+1.04 x10°1 1.30+0.54 x10*2 cm3st
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Figure 5. 7 Normalized signal of detected glucose in the lactose aqueous droplets as a function of OH exposure.

The blue line is a double exponential fit with the shape (kk—lk) L (eTF<OH>rt _ g=k2<OH>rt) 10 g]| the experimental
27h1

data. The rate constant for the rise of glucose k; is 9.58x10*2 cm3s, which is rate constant for the reaction of lactose
with OH in binary aqueous-lactose aerosol. ks, the rate constant for the decay of glucose is 1.30x10*? cm3®s™ in order
to fit the observed trend.

5.2 Molecular perspective of gas-liquid interfaces: learned from dynamic

simulation results

Molecular dynamics simulation (performed by T.M. Masaya) are applied to quantify the
saccharides partitioning at the interface and estimate the length of the lactose exclusion layer. The
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averaged normalized atoms occurrence profiles were obtained from analyzing a 110 ns production
run for water, MGP, and lactose for 4 independent runs. Figure 5.8 displays the MGP and lactose
profiles within the first 15 A (1.5 nm) of the surface. The shading areas are one-standard deviation
about the mean from the averaging of 4 independent profiles. The MGP and Lactose profiles are
normalized to the area under the curves. The ratio between the areas of the water and saccharide
profiles is kept to the ratio of water-to-saccharide molecules in the simulations. After 110 ns of
simulation, the water molecules diffuse outside their initial boundaries. The position of the water
surface is determined on both sides of the simulation box by the location at which the water profile
derivative reaches 1% of its maximum value. The saccharide occurrence close to the water surface
remains greater for MGP than for lactose. The MGP profile is found to be low at the surface and
to increase rapidly within the first 10 A (1 nm) of the air-water interface. The lactose profile is
found to rapidly decrease close to the surface, generating an exclusion layer with no or very low

lactose occurrence of up to 10 A (1 nm). 2
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Figure 5. 8 Simulated averaged number of atoms occurrence at a given location found after analyzing a 110ns

production simulation run for water (blue dashed line), MGP (green dotted line), and lactose (solid red line) for 4
independent runs within 15 nm of the water surface. The shading areas are one standard deviation about the mean

from the 4 independent profiles. The MGP and Lactose profiles are normalized by the area under the curve. 2
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AG, = —RTInK,, )

o
Where surface-bulk partition coefficient for the solute (K,, = mz /mb)’ defined as the molar
2

concentration ratio between the solute in the air-water interface and solute in bulk. R is 8.314 J
mol* K and T is the temperature on the Kelvin scale. The linear fit of the partitioning free energy

AG), to the solvent accessible surface area (SASA) data not including sucrose is leading to:
ApG°(kCal mol™?) = ASA(A?)x0.013-3.08 3)

Figure 5.12 also displays the Gibbs free energies for MGP and lactose obtained using
calculated SASA values and Eq. 3. The obtained AG,, values are 1.04 kCal mol™ and 3.26 kCal
mol? for MGP and lactose, respectively. For MGP this corresponds to a concentration at the
interface about 6 times lower than that of the bulk. With a AG,, value higher than 3 kCal mol™,
lactose is likely not to be found at the interface. The calculation suggests that K, , for MGP is 38
times as much as that of lactose. Therefore, the concentration of MGP in the gas-particle interface

is much higher than that of lactose.
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Figure 5. 12 The partitioning free energy AG,, for each polyol is plotted against the solvent accessible surface area
(ASA) of that solute. The accessible solvent accessible surface area is calculated using Surface Racer 5 and the Gibbs

free energy values (black dots) are from Pegran et al. ® The solid red line is a linear fit (Eq. 3.) to the data up to
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mannitol and extrapolated (red dashed line) up to lactose. The blue squares are interpolated and extrapolated Gibbs

free energy values for MGP and lactose based on their calculated solvent accessible surface area.

For aqueous phase chemistry study, as Figure 5.1 shows the decay rate of lactose is about
10 times slower than that of MGP in the MGP-lactose aqueous droplets with a molar ratio 1:1. The
reaction rate constant for OH+lactose and OH+MGP are almost the same in the aqueous solution.
The decay rate of OH+MGP measured in aqueous droplet is close to the reaction rate of OH+MGP
in aqueous solution. The reactive uptake coefficient observed for the MGP reactant is 5.02+1.12,
which indicates a complex radical chain reaction where the OH radical is not the sole reactive
species in the aqueous droplet. In aqueous droplets, where the diffusion is not a rate limiting step
these radicals are likely to be present at the air-water interface as well as in the bulk. The reaction
scheme may lead to a wide range of products with different partitioning properties. It is possible
that some of these products have a higher affinity toward the air-water interface therefore limiting

the access of the OH radical to the high lactose concentration in the bulk.

The binary aqueous lactose study is shown in Figure 5.2 and Figure 5.7. The fast-decaying
rate of lactose starts to slow down where the product glucose signal rises the maximum at the OH

exposure of 0.2x10'2 molecule cm=s . The fast-decaying rate of lactose (kfase=(9.58+3.25) x10°

2cm3s?) is the same order of magnitude of the reaction rate of OH+lactose (Ko +1actose=5-15x10"
12 ¢m?s!) in aqueous solution. The slow-decaying rate of lac constant (ko= (1.56+1.52) x1073
cm?®s?) is close to that measured (k;,.=(3.44+0.85) x10"® cm®s™) in ternary aqueous-MGP-
lactose droplets in Figure 5.1. The biexponential decays observed for the OH oxidation of binary
aqueous-lactose droplets may be attributed to the formation of glucose as an oxidation product,
migrating toward the interface, between the lactose and the surface.

The fitted formation rate of glucose in the MGP-lactose aqueous droplets in Figure 5.6 is
fixed with the value of decay rate of MGP (kysp=(4.67+1.04) x10? cm®3s?) obtained in Figure
5.4. The fitted formation rate of glucose in binary aqueous-lactose droplets in Figure 5.7 is fixed
with value of initial fast decay rate of lactose (ks =9.58x10"? cm?s™) obtained in the Figure 5.1.
Both of the formation rates of glucose are the same order of magnitude as the reaction rate of
lactose (Koytiactose=3-15x10"12 cm® s7) in aqueous solution. Both of the return decay rates of

glucose are close to the order of magnitude as the decay rate of MGP measured in aqueous droplets.
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This result is consistent with the similar reactive species with a similar partitioning coefficient at

the interface.

The experimental observed decay rates of both MGP and lactose combined with the
molecular dynamic simulations suggest that partitioning could play a significant role on the
reactivity of reactive species in aqueous aerosols. For well-mixed mixture particles, the reactive
species molecules could compete to react with gas-phase oxidation at the gas-liquid interface
which depends on the propensity of the reactive molecules to transport into the interface. This is
particularly important as the molecular components become more oxidized with products

generated.

Wan and Yu ’ have reported the saccharide and polyols composition of atmospheric
aerosols collected in urban centers in Hong Kong. The amount of levoglucosan, xylose, and
fructose in the atmospheric aerosols are the most abundant monosaccharides during all the seasons.
Disaccharides (trehalose) and trisaccharide (melezitose) are also found in the atmospheric aerosols
in the fall season. Table 5.4 shows the SASA for these detected saccharides and the corresponding
partitioning Gibbs free energy calculated using a linear fit equation (Eq. 3.) from the data reported

by Pegran et al., and the fall abundance relatively to levoglucosan. °©

Table 5. 4 Relative abundance, solvent accessible surface area, and partitioning Gibbs free

energy for detected saccharide in atmospheric aerosols. ’

Saccharide Relative abundance in ~ ASA (A?) ApG° (kCal mol?)

aerosols
Levoglucosan 1 268.78 0.41
Xylose 0.98 276.39 0.51
Fructose 0.21 311.12 0.97
Trehalose 0.02 445.18 2.71
Melezitose 0.14 635.02 5.18

All the detected saccharides in Table 5.4Table 5. 4 display a positive Gibbs free energy
and may be characterized as surface inactive compounds. The extrapolated values of 4,G° spam a

very broad range corresponding to partitioning constants between 0.5 for levoglucosan and 1.6x10
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4 for the trisaccharide melozitose. In such mixed particles, levoglucosan is present at the interface
with relatively high concentrations while the trisaccharide is restricted to the bulk, likely with a
large (>1 nm) exclusion layer. Because of the large range of partitioning properties, the interface
displays a gradient of concentrations for each saccharide, with the monosaccharide having a higher
concentration at the interface than the disaccharide and trisaccharide. The chemical composition
of the interface and how it evolves under oxidative conditions will change the optical properties
of the particles and their surface tension. This will ultimately affect the reflective property of the
atmosphere and the process of cloud nucleation. For multicomponent aqueous aerosols, it becomes
vital to understand the role of partitioning at the interface involved in the particle aging. Including
such effects in atmospheric and cloud formation models may lead to dramatic changes in their

predictive abilities.
5.5 Conclusion

The heterogeneous oxidation of the MGP-lactose aqueous droplets reveals a much higher reactive
uptake coefficient for MGP than for lactose. In aqueous droplets, the bulk diffusion of the reactants
is not to be the rate limiting step. The difference in reactive uptake coefficients appears to be
consistent with the formation of a lactose exclusion layer at the surface of the particle. Molecular
dynamic simulations suggest that there is formation of a ~1 nm lactose exclusion layer below the
particle surface in the MGP-lactose aqueous droplets. The lactose abundance is low within the first
few molecular layers of the air-water interface while that of the MGP is up to one order of
magnitude larger. There is a higher probability of finding the MGP at the open water surface
relatively to the lactose.

The simple stochastic modeling shows that the observed kinetics trend can be reproduced
if there is a sufficient amount of MGP within the lactose exclusion layer to react with the OH
radicals. The decay of the lactose is found to be strongly dependent on the amount of radicals
diffusing below the lactose exclusion layer. This developed model is found insufficient to
reproduce the behavior observed for the heterogeneous OH oxidation of binary aqueous-lactose
droplets. In this case, the formation of oxidation products and their diffusion into the exclusion

layer may lead to a more complex kinetic behavior.
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The study of the heterogeneous OH oxidation of the MGP-lactose aqueous droplets
provides a further understanding the role of surface-bulk partitioning on aqueous aerosol
chemistry. A full understanding of the elementary phenomena controlling the chemical
transformation requires more detailed investigations of the reactivity of aerosols containing
organic compounds with different degrees of oxidation. It is likely that the inclusion of surface
partitioning in the chemistry of aqueous aerosols could have a transformative effect on the

predictive ability of atmospheric models.

105



References:

1. Zakatova, N. V. M., D. P. and Sharpatyi, V. A., Role of OH-radicals in the radiolytic
decomposition of carbohydrates and polysaccharides. Bull. Acad. Sci. USSR, Div. Chem. Sci.
(Engl. Tran) 1969.

2. Fan, H.; Wenyika Masaya, T.; Goulay, F., Effect of surface—bulk partitioning on the
heterogeneous oxidation of aqueous saccharide aerosols. Physical Chemistry Chemical Physics
2019, 21 (6), 2992-3001.

3. Wiegel, A. A.; Liu, M. J.; Hinsberg, W. D.; Wilson, K. R.; Houle, F. A., Diffusive
confinement of free radical intermediates in the OH radical oxidation of semisolid aerosols.
Physical Chemistry Chemical Physics 2017, 19 (9), 6814-6830.

4. Houle, F. A.; Hinsberg, W. D.; Wilson, K. R., Oxidation of a model alkane aerosol by OH
radical: the emergent nature of reactive uptake. Physical Chemistry Chemical Physics 2015, 17
(6), 4412-4423.

5. Song, M.; Liu, P. F.; Hanna, S. J.; Li, Y.J.; Martin, S. T.; Bertram, A. K., Relative
humidity-dependent viscosities of isoprene-derived secondary organic material and atmospheric
implications for isoprene-dominant forests. Atmos. Chem. Phys. 2015, 15 (9), 5145-5159.

6. Pegram, L. M.; Record, M. T., Using Surface Tension Data to Predict Differences in
Surface and Bulk Concentrations of Nonelectrolytes in Water. The Journal of Physical Chemistry
C 2009, 113 (6), 2171-2174.

7. Wan, E. C. H.; Yu, J. Z., Analysis of Sugars and Sugar Polyols in Atmospheric Aerosols
by Chloride Attachment in Liquid Chromatography/Negative lon Electrospray Mass
Spectrometry. Environmental Science & Technology 2007, 41 (7), 2459-2466.

106



Chapter Six

Conclusion:

Heterogeneous oxidation of semi-solid and

agueous saccharide aerosols
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Chapter 6. Conclusion

Heterogeneous oxidation of atmospheric aerosols is one of the least understood processes involved
in the chemical aging (chemical oxidation) of atmospheric aerosols. This thesis mainly focuses on
investigating the role of bulk diffusion in the heterogenous oxidation of semi-solid particles and
figuring out the rate-limiting step in aqueous aerosol chemistry. The experiments were performed
in an atmospheric pressure aerosol flow tube with online VUV-AMS (Vacuum-Ultraviolet Aerosol
Mass Spectrometer) analysis technique and offline Teflon filter collection then analyzed using
GC-MS (Gas chromatograph Gas chromatograph interfaced with a Single Quadrupole Mass
Spectrometer) analysis technigue. The organic particles used ranged from single component semi-
solid, multiple component semi-solid to liquid phase state. The monosaccharide (MGP, methyl-p-
D-glucopyranoside, C7H1406) and disaccharide (lactose, Ci2H22011) are chosen as model
molecules to form highly oxygenated organic particles.

6.1 The kinetics of OH+semi-solid saccharide particles

The kinetics of the OH-initiated heterogeneous oxidation of MGP over a wide range of ambient
relative humidity was studied in Chapter 3 with VUV-AMS analysis technique. * The observed
kinetics behavior shows an initial rapid exponential decay followed by a slower decrease of the
reactant fraction. The heterogeneous oxidation of MGP semi-solid particles is kinetically limited
by the bulk diffusion of the reactant MGP (Dwmcp). The reactive uptake coefficient of MGP (ymcp)
is increased by a factor of 2.4 as the surrounding relative humidity ranging from 10% to 30%,
which can be explained by a decrease of particle viscosity and increase of bulk diffusivity due to
moisture-induced viscosity reduction. The observed decay rate of MGP depends on the bulk
diffusion coefficient of MGP, which can be described by a reaction-diffusion kinetic model with
a constant diffusion coefficient.

The heterogeneous oxidation of OH radicals with MGP-lactose semi-solid particles over
different molar ratio of MGP:lactose changing from 1:1 to 4:1 at 30% relative humidity was
studied in Chapter 4 using both VUV-AMS and GC-MS analysis techniques. ? The value of ymcp
is decreased by a factor of 5 as the molar ratio MGP:lactose is changed from 4:1 to 1:1. The value

of ymep shows a pronounced decrease with the mole fraction of lactose increased, which can be
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explained by an increase of particle viscosity and decrease of MGP bulk diffusivity due to
oligomer-induced viscosity increase. The values of yract are smaller than those of MGP within 20%
atratio 1:1 and 2:1, which can be illustrated by the value of Diac is 20% smaller than that of Dvce.
However, the value of yLac IS Smaller than that of ymep by a factor of 7 at ratio 4:1. The observed
low reactivity of lactose in the relatively high viscosity of semi-solid particles, which is interpreted
by a relatively low surface mole fraction of lactose due to the partitioning of lactose toward the

bulk of particle.

A reaction-diffusion model with composition-dependent diffusion was applied to
investigate the impact of oligomer on oxidation of semi-solid multi-component particles. This
study demonstrates that Vignes-type equation may explain the changes in diffusivity altered by
oligomerization. Simulation results suggest that a gradient diffusivity near the surface bulk and a
decrease in particle surface viscosity in the oxidation of semi-solid multi-component particles.
This model treatment allows prediction of the evolution of the diffusivity during oxidative aging

of mixed organic multi-component aerosols.

From this kinetics of OH+semi-solid saccharide particles study, now we have a better
understanding of the role of bulk diffusion in determining the oxidation rate of reactive species in
the semi-solid particles. This study highlights that the diffusion of the bulk reactant from the
particle inner core to its surface is the rate-limiting step in oxidation of the semi-solid aerosols.
The reactivity difference among the molecule species in the relatively high viscosity of semi-solid
particles can be estimated by its molecular size. We successfully resolve composition-dependent
bulk diffusion and temporal change of bulk diffusivity in the complex multi-component semi-solid
particles. Our simulation results suggest that a “hard skin” (a decrease in the viscosity of particle
surface) formed at the outer layer of particle in the oxidation of semi-solid multi-component
particles containing oligomers. The chemical life-time of reactive species in the semi-solid
particles can increase from seconds to days as the bulk diffusion of reactants decrease by multiple

orders of magnitude in response to low relative humidity or oligomerization.
6.2 The kinetics of OH+aqueous saccharide droplets

The kinetics of the OH-initiated heterogeneous oxidation of the MGP-lactose aqueous droplets

was studied in Chapter 5 using an offline analysis technique. 3 The measured kinetics result reveals
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the value of yLac is smaller than that of ymep is by a factor of 13. Molecular dynamic simulations
suggest that there is formation of a ~1 nm lactose exclusion layer below the particle surface in the
MGP-lactose aqueous droplets. The lactose abundance is low within the first few molecular layers
of the air-water interface while that of the MGP is up to one order of magnitude larger. There is a
higher probability of finding the MGP at the open water surface relatively to the lactose. A simple
stochastic reaction-diffusion model was employed to explain the possible effect of lactose surface
exclusion on the heterogeneous kinetics. A 2.5 nm length of lactose exclusion layers is able to
reproduce the experimental trends, which is larger than that predicted by the MD simulations.
Because of the fast reaction of the OH radical with the MGP, there is a poor spatial overlap of the

OH radical at the interface with the lactose in the particle bulk.

From this kinetics of OH+aqueous saccharide droplets study, now we have learned the
critical importance of partitioning of bulk reactant at the gas-liquid interface in determining the
reaction rate of reactive species in aqueous droplets, where the bulk diffusion of the reactants is
not the rate limiting step any more. It is evident that gas-liquid interface is important to properly
account for chemical transformations in aqueous droplets. The chemical life of reactive species in
aqueous droplets depends on the relative concentrations close to the particle surface. These
findings demonstrate that the inclusion of surface partitioning in the chemistry of aqueous aerosols

could have a transformative effect on the predictive ability of atmospheric models.
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